Abstract: This paper proposes an optical beamforming network for a 2-D array antenna in a broad direction range with subarray antenna partitioning capability. With reasonable cost and volume, this optical true time delay beamformer offers multiple beams that are independently steered from each other, while radio-frequency (RF) broadband operation is guaranteed. Radiation patterns of an 8Â8 array antenna are calculated and compared with those obtained from the experimental setup. The definition of different subarrays allows presentation of up to four spatially multiplexed beams orientated to different directions according to the concrete application.
Introduction
Over the last fifty years, phased array antenna systems have been recognized as very advantageous with respect to mechanically steered antenna arrays in terms of speed, sensitivity and size [1] . Photonic systems lead to phased array antenna beamformers with intrinsic properties such as provide lightweight, compact and low-cost phased array antenna beamformers showing immunity to electromagnetic interference, against pure electronics approaches [2] . Amongst photonic approaches, phase-based antenna beamformers exhibit narrowband operation, but true-time delay (TTD) beamformers are excellent due to their squint free operation with good performance over a broad range of RF bandwidth for commercial, industrial, and military applications. In the literature, many optical approaches have been proposed to implement photonic TTD beamformers such as those using bulky optics, Fourier optics, dispersive fibers, fiber gratings or substrate guided wave techniques [3] - [6] . However, the costs, size, power consumption and complexity related to the number of components required for flexible broadband and large arrays are the main drawbacks limiting the practical implementation of such systems in real life applications. In this context, integrated microwave photonic solutions [7] open new perspectives for smart antennas where size and weight are critical, such as aerospace applications or access networks, amongst others.
Furthermore, advanced antenna applications demand multiple-beam capabilities [8] - [12] , which implies a further increment of the number and complexity of the beamformer systems. The use of free space modules and cascaded photonic delay lines also extended for 2-D subarray antenna steering was proposed in [8] . Two-dimensional Fourier transform in the far field diffraction of coherent light has been demonstrated to control the phase of the antenna elements in a spatial optical beamformer [10] . Other TTD beamformers use a binary array of optical delay lines [11] , WDM signals using highly dispersive photonic crystal fibers [12] or a lens with a broadband light source and frequency mapped modulation by using a traveling wave tunable filter at each antenna element [13] . However, in general, the addition of multiple beams means higher signal splitting or switching, which makes unfeasible for some of them the realization of large 2-D antenna arrays, apart from the limitations arisen by their switching speed, insertion loss or multipoint control.
In this paper, we propose a simple and well balanced cost-performance optical beamformer with reconfigurable multibeam capabilities in 2-D array antenna. The combination of tunable chirped fiber Bragg gratings and variable delay lines allows to demonstrate a 2-D array antenna with variable number of RF beams in an architecture with a reduced number of components. The paper is structured as follows: Section 2 includes the description and fundamentals of the proposed photonic 2-D multi-beamformer, Section 3 presents the theoretical and experimentalbased performance results and finally Section 4 summarizes the main conclusions of the paper. 
The individual elements are excited by complex c n factor and emit a field pattern of f n ð; 'Þ. Although the directivity of an antenna array is proportional to the product of the field pattern f n ð; 'Þ and the array factor f A ð; 'Þ, usually this last factor ultimately determines the radiation characteristic of the array [1] since basic antenna elements radiate quasi-omnidirectionally. For this reason, in the following, we will focus on the array factor. The planar array M Â N can be considered as a linear array of M elements along the x -axis spaced by d x with progressive phase shift É x , where each element is a N linear array of antennas in the y -direction, spaced by a distance d y and progressive phase É y . The array factor, (AF), of the entire planar array is the product of the array factors of the arrays in the x -and y -directions [1] , which can be expressed as follows, provided the amplitude excitation of the entire array is uniform ðjc n j ¼ AÞ:
where k ¼ 2= is the RF signal propagation constant. Maximum radiation will be achieved at the direction ð 0 ; ' 0 Þ where radiating signals from the different antennas arrive in phase leading to constructive interference, and there will be only one main beam provided the phase differences on adjacent elements on these directions are equal to
The system of equations (3) can also be expressed as
The radiation diagram of the array antenna will be characterized by the 3 dB beamwidth of the main lobe and the main to side lobe ratio, MSLR. The former will be defined by the Á 3 dB and ÁÈ 3 dB angles range where jf A ð; 'Þj 2 drops 3 dB across the and È directions, respectively. The MSLR will be calculated for both directions from the power ratio of the main lobe to the higher sidelobe.
The optical beamforming network, (OBFN), will provide the phase of the RF modulating signal, feeding each antenna element by means of an optical system where the optical carrier is amplitude modulated by conventional double sideband technique. The RF signal phase can be calculated as the following [4] :
where is the angular frequency of the RF signal used to modulate the optical carrier located at the optical frequency ! and ðÞ is its corresponding optical delay. Since the relationship (5) can be specified for elements in the x and y directions, equations (4) can be rewritten in terms of optical delay differences, Á x and Á y along them. Providing the element spacing is the same in both axis ðd x ¼ d y ¼ d Þ, the beampointing direction ð 0 ; ' 0 Þ is given by the following design equations:
The optical beamformer must then provide uniform amplitude feeding signals with equispaced delay values for adjacent antenna elements, following equation (6) with the ability of scanning the beampointing angle and also the emission of multiple beams according to the application requirements [14] .
The gain of the proposed antenna array is limited by the electrical parameter of the array, since the optical gain of the proposed approach can be adjusted to unity in order to provide signal transparency in the E/O and O/E conversion.
We propose the use of a fixed multiwavelength laser (set of sources laser EXFO IQS-2403BLD, which are multiplexed with a 1 Â 8 ports AWG) and chirped fiber Bragg gratings (FBGs) in combination with fiber delay lines for feeding an 8 Â 8 array antenna, as depicted in Fig. 2 . An N Â N phased array antenna requires an optical beamformer employing an N-multiwavelength laser to provide N optical carriers given by i ði ¼ 1 À NÞ. Fig. 2 shows the schematic proposed for driving an 8 Â 8 array antenna. In this case, eight wavelengths are required (1545; 94 þ i Ã 1; 16; i ¼ 0 À 7) to carry the radio-frequency (RF) signal to the antennas disposed in the x -column. Once the optical signal is modulated by the RF signal in the electrooptic modulator (Avanex analog modulator with 30 GHz bandwidth and 4 dB insertion losses), it is launched to a tunable dispersive fiber Bragg grating [15] , [16] in order to introduce the different time delay to each optical signal. In fact, two FBGs (linearly chirped 25 cm long FBGs centered at 1547, 5 and 1552, 5 nm, respectively, with 5 nm 3 dB bandwidth) are required if multibeam operation is necessary, each one is reflecting four optical wavelengths and the dispersive characteristic of each grating can be independently tuned for providing the corresponding differential time delay between adjacent carriers to each subarray. In the case no tuning is applied, both FBGs will provide equispaced delay values to the 8 different optical carriers operating as a single x -array antenna
In case that a different dispersive slope is tuned in one of the gratings, two subarrays can be distinguished in the x axis with Á x 1 and Á x 2 , respectively. Once the optical carriers are reflected by the gratings, the signal is split to N delay lines, which will provide the differential time delay for the antennas in the y axis. The definition of 2 subarrays in the y axis for multibeam operation will imply that the first half of delay lines are set to Á y 1 , while the second half are set to Á y 2 . Commercial variable fiber optic delay lines, VDLs (General Photonics with a mirror position range from 0 to 600 ps and insertion losses of 1 dB) can be employed for this implementation covering the range of delay values necessary for the concrete application, according to (6) . Considering a single array implemented in the y axis, similarly to what was described for x axis is obtained, i.e., Á y ¼ Á y 1 ¼ Á y 2 . Each delay line will provide the signal that feeds the antennas in each row along the y axis (see Fig. 2 ) provided a wavelength demultiplexer separates the N optical carriers just prior to the photodetector (50 GHz bandwidth from u2t Photonics). Linear regime of the back to back electrical system that includes E-O and O-E conversions is guaranteed in our system. After the demultiplexer (crosstalk level of 30 dB), a fiber delay between signals at different wavelengths can be introduced in order to allow the angle scanning from 0°only if is required by the given application. The total optical loss of the beamforming system is estimated around 22 dB.
This system employs fixed lasers, which simplify the signal wavelength demultiplexing, compared to others employing tunable lasers, while keep a reduced number of components with higher functionalities. Furthermore, in an N Â N array antenna, our proposed system would employ N À 1 VDLs, which is significantly lower than conventional OBFN approaches using N Â N ½ðN À 1Þ Â N VDLs, where each antenna element is fed independently by using separate optical delay lines. The required optical components are 1 Â N demux and 2 FBGs, both based on very mature technology offering also reduced insertion losses.
Scalability of the proposed approach is possible up to N ¼ 16, since multiwavelength lasers with higher number of wavelengths are commercially available and a splitter with higher number of ports can be employed without the need of optical amplification. However, integrated microwave photonic solutions (IMWP) are promising for large arrays optical beamforming where size and weight are critical [17] .
Performance Results of the Optically Controlled 2-D Phased Array Antenna

Basic Performance
In this paper, we consider an 8 Â 8 array with antenna spacing given by the avoidance of grating lobes condition d ¼ RF =2 ¼ 8:33 mm, where the maximum operation frequency is 18 GHz. Fig. 3(a) shows the theoretical array factor calculated for its operation at 18 GHz towards the beampointing direction defined by ð 0 ; ' 0 Þ ¼ ð0
; 0 Þ. In this case, the optical delay are (6) . Moreover, the array factor obtained from the amplitude and time delay measurements using two 5-cm long FBGs shown in (see Fig. 1 ). In order to distinguish both theoretical and experimental traces, the detail of the AF dependence on the direction and also the perpendicular plane, È, is shown in Fig. 3(b) and (c). The main lobe shows cylindrical symmetry with 3 dB beamwidth of 13°and an MSLR of 12.8 dB and a beamwidth of 11.8°and MSLR of 12.8 dB, for theoretical and experimental results, respectively. In general, good agreement is found between theory and experiment and the small differences are mainly due to the measured FBG time delay fluctuations around 1 ps.
The system allows continuous scanning of the beampointing angle by modifying the differential time delay between optical signals feeding adjacent antennas in the x and y direction. As an example, Fig. 4 shows the AF corresponding of the signal radiation at 18 GHz towards ð 0 ; ' 0 Þ ¼ ð30
; 60 Þ, which can be obtained when Á x ¼ 7 ps and Á y ¼ 12 ps, according to (6) . In this case, the cylindrical symmetry is lost, and ÁÈ 3 dB ¼ 15 , while ÁÈ 3 dB ¼ 13 while MSLR values from experimental FBG measurements are 22.4 and 20.8 dB in the and È direction, respectively.
Optical beamforming offers broadband operation range, since the beampointing angle is maintained for a large range of radio frequencies. Fig. 5 shows the angles where the main lobe drops 3 dB for different values of electrical frequencies in the 2-18 GHz range when the array has been configured to radiate towards two different beampointing directions: ð 0 ; ' 0 Þ ¼ ð0
; 0 Þ and ð 0 ; ' 0 Þ ¼ ð30
; 60 Þ. Fig. 5 (a) and (b) plot and ' angles, respectively, and beamwidth and beampointing angle of the 2-D 8 Â 8 phased array antenna can be easily extracted from the graphs. Apart from the broadband operation in this frequency range, we can observe the expected narrower beams when higher frequency signal is radiated.
Subarray Partitioning for Multibeam Radiation
The system depicted in Fig. 2 shows a large degree of flexibility, as explained above, since the array can be subdivided in several subarrays in order to radiate multiple beams. Fig. 6 shows the 2-beam radiation array factor oriented towards ð 1 ; ' 1 Þ ¼ ð0
; 0 Þ and ð 2 ; ' 2 Þ ¼ ð50
; 30 Þ. In this case the 8 Â 8 array antenna can be considered as two 8 Â 4 subarrays, where Á x 1 ¼ Á y 1 ¼ 0 and Á x 1 ¼ 18 ps Á y 1 ¼ 11 ps in the first and second array, respectively. Again, the AF variation along the direction and its orthogonal plane has been plotted to illustrate the details of each one of the spatially multiplexed beams. In this case, the beams are not symmetrical, with ð 1 ; ' 1 Þ ¼ ð27:9
; 13:7 Þ and ð 2 ; ' 2 Þ ¼ ð30:4 ; 14 Þ and MPLS 1 ¼ ð4:77; 12:4Þ and MPLS 2 ¼ ð14:4; 7:5Þ dB in ð; 'Þ directions, respectively.
In this figure, differences between theoretical and experimental results are due to the impact of the group delay ripple on optical beamforming systems based on chirped fiber gratings [18] , which is somewhat higher under multibeam operation because of the phase misalignments between different subarrays. Multiple beams can be continuously scanned and oriented at independent directions, as demonstrated in Fig. 7 ; 24:5 Þ and MSLR values are larger than 15 and 14 dB in the and È directions. Note that in the latter case, two main beams are encountered in È, but MSLR must be calculated using the sidelobes and not the other main lobe.
Finally, in order to explore the ultimate spatial multiplexing capabilities of such optical phased array antenna, the 8 Â 8 array is considered as four 4 Â 4 subarrays which feeding signals show differential time delays for radiating four main lobes, each one oriented towards different directions. Fig. 8 shows the array factor of such array fed by optical signals providing corresponding differential delays for the following beampointing directions: ð 1 ; ' 1 Þ¼ð50
; 30 Þ, ð 2 ; ' 2 Þ¼ð50
; 120 Þ, ð 3 ; ' 3 Þ ¼ ð50 ; 210 Þ, and ð 4 ; ' 4 Þ ¼ ð50 ; 300 Þ, respectively. ; 300 Þ.
